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Abstract Quantum repeaters - fundamental building 
blocks for long-distance quantum communication - are 
based on the interaction between photons and quan¬ 
tum memories. The photons must fulfil stringent re¬ 
quirements on central frequency, spectral bandwidth 
and purity in order for this interaction to be efficient. 
We present a design scheme for monolithically inte¬ 
grated resonant photon-pair sources based on paramet¬ 
ric down-conversion in nonlinear waveguides, which fa¬ 
cilitate the generation of such photons. We investigate 
the impact of different design parameters on the per¬ 
formance of our source. The generated photon spec¬ 
tral bandwidths can be varied between several tens of 
MHz up to around 1 GHz, facilitating an efficient cou¬ 
pling to different memories. The central frequency of 
the generated photons can be coarsely tuned by adjust¬ 
ing the pump frequency, poling period and sample tem¬ 
perature and we identify stability requirements on the 
pump laser and sample temperature that can be readily 
fulfilled with off-the-shelve components. We find that 
our source is capable of generating high-purity photons 
over a wide range of photon bandwidths. Finally, the 
PDC emission can be frequency fine-tuned over several 
GHz by simultaneously adjusting the sample tempera¬ 
ture and pump frequency. We conclude our study with 
demonstrating the adaptability of our source to differ¬ 
ent quantum memories. 
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1 Introduction 

Quantum communication is a means to exploit quan¬ 
tum mechanical principles to realise provably secure 
communication between distant parties. However, in 
any practical realisation, transmission losses in opti¬ 
cal fibres limit the secure distance of quantum com¬ 
munication applications. This limitation can be over¬ 
come by utilising so-called quantum repeaters [I], which 
facilitate long-distance entanglement distribution and 
thus enable long-distance secure quantum communica¬ 
tion (for a review see [2]). Quantum repeaters are based 
on the interaction between photons and quantum mem¬ 
ories. Thus, they require the generation of narrowband 
photons that are compatible with an atomic transition 
in the quantum memory, ideally paired with partner 
photons that are suited for transmission via telecom¬ 
munication fibres. The transmitted photon is used to 
establish entanglement between separate - potentially 
dissimilar - nodes of the quantum repeater, e.g. via the 
approach outlined in [3]. Note that, in this case, the 
generated photon pairs do not have to be in an entan¬ 
gled state themselves, since the two repeater nodes are 
entangled conditioned on the detection of a single pho¬ 
ton behind a beamsplitter. Depending on the physical 
realisation of the quantum memory, the relevant atomic 
transitions are in the visible to near-infrared wavelength 
regime and their bandwidths typically range from few 
MHz to several GHz (see m and citations therein). 

In this paper, we present a design tool kit for photon- 
pair sources based on monolithically integrated, doubly 
resonant parametric down-conversion (PDC) in period¬ 
ically poled lithium niobate (PPLN) waveguides. The 
strength of our robust design, as we will show, is that it 
can be adapted to a wide range of quantum memories. 
Thus, a single material and design platform is sufficient 
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to realise large-scale quantum repeaters with dissimilar 
nodes, which lends itself to the rapid commercialisation 
of the field of quantum communication and the associ¬ 
ated need for standardised fabrication procedures. 


Typically, photons generated in a PDC source fea¬ 
ture spectral bandwidths on the order of hundreds of 
GHz and more, due to the broad phasematching of 
the process. Although it is possible to deploy spec¬ 
tral bandpass filtering to narrow down the photons, 
the greater part of the generated PDC signal is lost 
during this process. This has two implications. First, 
the pump power is not efficiently used, which can cause 
prohibitive power consumption of large-scale applica¬ 
tions with many sources. Second, the total generation 
rate of photon pairs cannot be made arbitrarily high, 
since higher-order photon terms start to pollute the 
photon-pair characteristics for generation probabilities 
in excess of few percents. This implies that external fil¬ 
tering of broadband PDC will generally result in low 
overall photon generation rates. A more appealing way 
towards generating narrow band photons is to directly 
manipulate the PDC emission spectrum by resonance 
enhancement within a cavity, also referred to as opti¬ 
cal parametric oscillator below threshold. Typical res¬ 
onant PDC sources reported so far are based on PDC 
in bulk crystals, which are placed inside a cavity |B] 

2 MHz have been achieved m- However, bulk-crystal 
sources have disadvantages that limit their usefulness 
in large-scale quantum networks: first, they typically 
suffer from low pair production rates; second, they are 
not seamlessly integratable into a fibre-network archi¬ 
tecture; third, most current realisations require sensi¬ 
tive cavity-locking schemes. 


An alternative kind of sources, which potentially 
overcomes these problems, is based on monolithically 
integrated resonant structures. One recent example of 
such a source is a whispering gallery mode resonator 
made from magnesium-doped lithium niobate, which 
features a narrow linewidth, a large tunability and single- 
longitudinal-mode emission [T81. The downside of this 
source is that it is not integrated. Another approach 
deployed a PPLN waveguide with dielectric mirror coat¬ 
ings on the waveguide end facets, which generated nearly 
degenerate photon pairs at telecommunication wave¬ 
lengths US]. Although integrated, this source did not 
feature single-longitudinal-mode emission due to the 
degeneracy of the PDC pair photons. To overcome this 
problem, frequency and polarisation non-degenerate PDC 
can be exploited [2(J| . 

Recently, we demonstrated a narrowband photon- 
pair source based on this scheme in a PPLN waveg¬ 
uide, which featured a photon spectral bandwidth of 



Fig. 1 Our source design comprises a periodically poled 
waveguide of length L, whose endfacets are coated with highly 
reflective dielectric coatings. This structure forms a doubly- 
resonant cavity for the signal and idler photons that are gen¬ 
erated in the process of PDC, when a pump photon decays 
inside the waveguide into a photon pair. 


60 MHz and generated photons at 890 nm and 1320 nm, 
designed to be used in conjunction with a neodymium- 
based quantum memory |2l| . In addition, the source 
exhibited a very high spectral brightness of 3 x 10 4 
pairs/ (s rnW MHz), making it an energy-efficient source 
for largescale networks. Based on these results, we demon¬ 
strate how this versatile and very general source design 
can be adapted to be compatible with different quan¬ 
tum memories. We will identify the influence of different 
fabrication parameters on the source performance and 
discuss the potential universality of our design for large- 
scale hybrid quantum networks comprising dissimilar 
building blocks. 


2 Operational principle of our source 

Our source design is sketched in Fig. [Tj A PPLN waveg¬ 
uide of length L with a poling period of A, which fa¬ 
cilitates quasi-phasematching of the desired frequencies 
is at the heart of the design. In the PDC process, an 
ordinarily-polarised photon from a bright pump field 
decays into a pair of cross-polarised photons, customary 
labeled signal (ordinary polarisation) and idler (extra¬ 
ordinary polarisation), inside the waveguide. The pro¬ 
cess conserves energy and momentum, such that 

Wp = W s + Wi (1) 

and 

O7T 

Pp = As + A + , (2) 

where the u>j with j = p, s, i denote the angular frequen¬ 
cies of the involved fields, and the /3j = rij(uij)u}j/c are 
the respective propagation constants, with n 3 (oj 3 ) be¬ 
ing the effective refractive index of the waveguide mode 
and c the speed of light. Dielectric coatings with reflec¬ 
tivities -R Sj 1 and R s ^ for the signal and R h i and Ay 2 for 
the idler, respectively, are deposited on the waveguide 
end facets, making the source doubly-resonant for the 
generated photons. 

This double-resonance condition modifies the joint 
spectral amplitude (JSA) of the generated photon pair. 
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Fig. 2 Schematic representation of the formation of fre¬ 
quency clusters in a doubly-resonant PDC. (a) The doubly- 
resonant cavity has dissimilar free spectral ranges for the sig¬ 
nal (orange) and idler (green) fields. Simultaneous resonance 
of both fields is only possible for distinct frequency combina¬ 
tions, shown by vertical black lines. This leads to the forma¬ 
tion of so-called clusters (blue). Note that the cavity struc¬ 
ture is further modified by the phasematching of the PDC 
(solid black line), (b) Two-dimensional representation of the 
clustering in the signal and idler frequency plane. Double¬ 
resonances require an overlap of the cavity peaks (black cir¬ 
cles), the pump envelope function (dark blue line) and the 
phasematching function (light blue area), which is indicated 
by magenta discs. The dashed magenta lines symbolise an 
additional filter that transmits only the predominant central 
cluster. For more information, see the text. 


The resulting photon-pair component of the state can 
be expressed as 


I^)rpdc — ® 


duj s dui f(u B , wi)x 


A s (u s )Ai(uji)dl(uj s )dl{u)i) | 0 ). 


( 3 ) 


Here, the constant B describes the strength of the PDC 
interaction, /(w s ,Wi) = / p (w s + w ; ) x /pM(w s ,Wi) is 
the JSA of the non-resonant PDC, which in turn is 
the product of the pump spectral amplitude f p (ui s + 
u}[) and the phasematching function /pM(w s ,Wi), A s (w s ) 
and Hi(aji) are the cavity response functions for signal 
and idler, and a|( oj s ) and aj (w;) are standard monochro¬ 
matic creation operators for signal and idler photons. 

Treating the cavity as a classical Fabry-Perot res¬ 
onator, the cavity response functions are found to be 


Aj ( u>j ) 


1 — yj Rj^\Rjjie~ a i L ’ 


( 4 ) 


where the round-trip phase 4>j{<jJj) = 2ujjn(i0j)L/c, aj 
is the waveguide propagation loss and j = s, i. 

Since the generated signal and idler photons are 
both frequency and polarisation non-degenerate, they 
also experience different waveguide dispersions. This, 
in turn, leads to dissimilar free spectral ranges (FSRs) 
for signal and idler in the doubly-resonant cavity, which 
fosters the formation of so-called clusters. This is sketched 
in Fig. [2ja) . The orange signal resonances in the top 


plot overlap with the green idler resonances in the cen¬ 
tre plot only for certain frequency pairs - the clusters 
indicated by vertical black lines with a cluster fre¬ 
quency spacing Av c . The resulting joint distribution is 
shown in blue in the bottom plot. We emphasise that 
the signal and idler frequency axes point in opposite 
directions, such that energy conservation is guaranteed 
for any vertical combination of frequencies. 

Note that the empty peaks correspond to the cavity 
structure only, whereas the solid peaks are addition¬ 
ally modified by the phasematching function, shown as 
solid black line in all three plots. We have shown in m, 
that the FWHM of the spectrum of signal photons gen¬ 
erated in a non-degenerate source (i.e. the bandwidth 
as defined by the phasematching function only) can be 
approximated as 


Av R \ 


signal 


5.56—^7 T - 

z7rL |n g)S 



( 5 ) 


Here, L denotes the waveguide length and n gjS and n g j 
are the group refractive indices of signal and idler, re¬ 
spectively. In addition, the cluster spacing Av c is given 

by 


Av c 


c 1 

2T |n gjS ^g,i| 


( 6 ) 


These results show that the non-resonant bandwidth 
and the cluster spacing have a constant ratio, which 
is inherent to our design. When one cluster is at the 
centre of the phasematched signal spectrum, excitation 
of two weak side-clusters in the wings of the phase¬ 
matching function cannot be eliminated, as shown in 
Fig. [2ja) . In this case, the predominant central cluster 
comprises 90% of the generated photons. Note that we 
will demonstrate later, how the central cluster can be 
separated from the other clusters and engineered such 
that all heralded photons are emitted into one single 
mode. 

In Fig. Kb) we sketch this situation in the two- 
dimensional signal and idler frequency space typically 
associated with the JSA. The cavity resonances are now 
given by the grid of black circles. The phasematching 
function is drawn as light blue area and characterised by 
the phasematching bandwidth Av pm- The pump enve¬ 
lope function is shown as dark blue area. Due to reasons 
of energy conservation it is oriented along —45° and 
its width is given by the pump spectral bandwidth cr p . 
Note that for our design, Av pm is significantly larger 
than cr p . Now, only cavity resonances that overlap with 
both the phasematching and the pump envelope func¬ 
tion are excited, as schematically depicted by the ma¬ 
genta discs, the diameter of which reflects the height 
of the excited peak. The dashed magenta lines denote 
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a possible broadband filter that can be applied to the 
idler photons. Its bandwidth is chosen such that the 
parasitic clusters in the wings of the phasematching 
function are rejected and detection of an idler photon 
heralds a signal photon, which resides in the predomi¬ 
nant central cluster. For typical source configurations, 
the cluster spacing Au c is on the order of several tens of 
GHz. In this case, the idler filtering can be realised with 
an off-the-shelf volume Bragg grating. We will assume 
this type of filtering in the remainder of this paper, to 
keep our notation concise. Note that in a typical quan¬ 
tum repeater scheme, the signal photons will intrinsi¬ 
cally be filtered by the narrow transition bandwidth of 
the quantum memory. Hence, no additional signal filter 
is required. 

3 Performance benchmarks associated with our 
PDC design 

When designing a photon-pair source that links with a 
quantum memory, several benchmarks are important. 
These are: the central frequency and spectral band¬ 
width of the photons that interact with the quantum 
memory; the photon purity; the brightness of the source, 
that is the normalised number of generated photon pairs; 
and the capability to fine-tune the source emission. In 
the following, we study how fabrication and operation 
parameters influence these benchmarks for our source 
design. In particular, we investigate the reflectivities of 
the dielectric coatings, the waveguide temperature and 
length, as well as the pump spectral bandwidth and cen¬ 
tral frequency. We will assume that the poling period 
A is chosen to facilitate perfect phasematching for the 
desired pump, signal and idler frequencies for a given 
sample temperature. 

3.1 Photon spectral bandwidth 

An important pair of benchmarks when designing a 
PDC source for hybrid quantum networks is the cen¬ 
tral frequency and spectral bandwidth of the generated 
photons. By convention, we require the signal photon to 
match the desired transition of the quantum memory. 
In an ideal resonant source with only one excited mode, 
the spectral bandwidth of the signal photon equals the 
width of the signal resonances. We will investigate this 
condition for realistic sources in more detail later. The 
bandwidth of the resonances Au can be calculated from 
the finesse of the cavity T and the corresponding FSR, 
since 


Signal bandwidth [MHz] 



Waveguide length [mm] 



250 500 750 1000 1250 


Fig. 3 Calculated signal resonance spectral bandwidth as 
a function of waveguide length and reflectivity of the second 
dielectric coating. The yellow disc is our demonstrator source. 
Accessible bandwidth range from a few tens of MHz to around 
one GHz and each bandwidth can be realised with different 
combinations of waveguide length and coating reflectivity. 

To study the influence of the waveguide length L and 
the reflectivity of the second dielectric coating 7? s , 2 , we 
consider the wavelength combination of our demonstra¬ 
tor source |21j . When pumped with 532 nm, it gener¬ 
ates signal and idler photons at 890 nm and 1320 nm, 
respectively. The actual demonstrator was realised in a 
12.3 mm long waveguide with propagation losses of a s = 
0.016— and a; = 0.022 — . The endfacet coatings had 
reflectivities of 7? S) i = R lt \ = 0.99 and R S: 2 = R \,2 = 
0.98, respectively, yielding a signal spectral bandwidth 
of around 66 MHz. 

In Fig. [3] we plot the cavity-peak bandwidth for the 
generated signal as function of L and R s , 2 , while keep¬ 
ing the other parameters at the aforementioned values. 
The yellow circle denotes our demonstrator. We can 
draw several conclusions from this plot. On the one 
hand, broad bandwidths in excess of 1 GHz can only 
be achieved with very short waveguides with lengths 
below 5 mm. On the other hand, small bandwidths of 
tens of MHz require very long waveguides, and the min¬ 
imum bandwidth is limited by waveguide propagation 
losses. 

Still, the realisable bandwidths are compatible with 
many quantum memories, for instance rare-earth doped 
solid state memories or Raman memories [il[5] . In ad¬ 
dition, a specific bandwidth can be realised for a wide 
range of waveguide lengths, if the reflective coating is 
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properly adapted. This loosens the requirements for 
waveguide fabrication tolerances. 


3.2 Photon central frequency 

The second benchmark we study in this section is the 
central frequency of the generated signal photon, which 
depends on both the pump central frequency and the 
sample temperature. Let us, for the moment, assume an 
ideal cw pump laser. Then, the signal photon spectrum 
can be expressed as [2T] 

S{u B ) oc sine 2 ^A0(uj b )^ |A s (w s )| 2 |Ai(w p - w s )| 2 , (8) 

where A/3(u s ) is the phase-mismatch (compare Eq. ([2])) 
and the idler frequency is calculated using the energy 
conservation in Eq. ([l]). 

In Fig. §a), we schematically depict the influence 
of pump frequency tuning. Energy conservation dictates 
that v p = v s +v\. Then, a change in the pump frequency 
is compensated by a joint shift in signal and idler fre¬ 
quencies. In our graphic interpretation, this is shown 
by a common shift of all idler resonances (green peaks) 
relative to the signal resonances (orange peaks). If the 
shift is large enough, this results in a mode hop in the 
signal spectrum (blue peaks). Note that the mode hops 
described here aren’t similar to the typical hopping be¬ 
haviour in a laser cavity, which arises due to gain com¬ 
petition between different longitudinal resonator modes. 
Rather they are caused by the PDC emission passively 
following the phasematching function. 

In Fig. |4](b) we plot the signal spectrum S(u B ) as a 
function of the pump detuning ZW p for a fixed sample 
temperature of T = 148.14° C. The x-axis is given in 
terms of signal detuning Av s . As expected, we observe 
a mode hop in the signal spectrum if the pump detun¬ 
ing is too large. The inset shows a zoom into one of 
the resonances. The cross-shaped structure arises from 
the fact that, by tuning the pump frequency, the idler 
resonances shift with respect to the signal resonances. 
Requiring a mode-hop free source operation, we can in¬ 
fer a stability criterion for the pump frequency. For the 
case considered here, it evaluates to \Au p | < 100 MHz. 
This can be satisfied with commonplace external cavity 
lasers and frequency locking techniques. 

Now, we turn our attention to the required temper¬ 
ature stability. In Fig. [§ a ) , we sketch the behaviour 
of the signal and idler resonances when changing the 
sample temperature. A shift in temperature causes two 
effects: first, the physical sample length changes due 
to thermal expansion; second, the optical path length 
changes due to a change in the temperature-dependent 
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Fig. 4 Effect of pump frequency tuning on the signal pho¬ 
ton central frequency, (a) When tuning the pump frequency, 
energy conservation dictates that the idler resonances (green) 
are shifted with respect to the signal resonances (orange). If 
the pump shift is sufficiently large, a mode hop occurs in the 
signal spectrum (blue), (b) Signal spectrum S(u a ) as function 
of the pump frequency detuning. As expected, mode hops be¬ 
tween adjacent signal resonances occur for a pump detuning 
larger than around 300 MHz. Faithful single-mode operation 
requires a pump frequency stability of ±100 MHz. The zoom- 
in into one resonance reveals an internal structure that stems 
from the interplay between signal and idler resonances. For 
more details, see the text. 


refractive index. We note that the thermal expansion 
for a temperature shift of only 10 mK is on the order 
of 1.5 nm per cm sample length and thus cannot be 
neglected. As a result of these changes, signal (orange 
peaks) and idler (green peaks) resonances shift in oppo¬ 
site directions with different speed, highlighted by the 
coloured arrows, and large mode hops can occur in the 
signal spectrum (blue peaks) for large enough temper¬ 
ature shifts. 

Fig.[5jb) shows S(uj b ) as function of the sample tem¬ 
perature, for a fixed pump wavelength of 532 nm. Small 
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(a) 
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Fig. 5 Effect of temperature tuning on the signal photon cen¬ 
tral frequency, (a) The signal (orange) and idler (green) res¬ 
onances shift in opposite directions and at different velocity 
when the sample temperature changes. For large temperature 
drifts, this can lead to large mode hops in the signal spectrum 
(blue), (b) Signal spectrum S(uj) as function of the sample 
temperature T. As expected, mode hops occur mainly be¬ 
tween adjacent modes for small temperature drifts. Notably, 
the absolute position of the signal peaks shifts to larger fre¬ 
quencies for increasing temperatures. This facilitates coarse 
frequency tuning by adapting the sample temperature. Again, 
the zoom-in shows a single resonance, from which we deduce a 
temperature stability requirement of ±5mK for single-mode 
operation. 


temperature changes mostly cause mode hopping to 
neighbouring resonances, until at some point a larger 
hop occurs. In addition, the position of the signal reso¬ 
nances gradually moves towards larger frequencies with 
increasing temperature. We will come back to this be¬ 
haviour later, when we discuss frequency fine-tuning of 
our source. Again, the inset shows a zoom-in into one 
signal resonance, and we deduce a stability region of 
around ±5 mK around the ideal temperature setpoint, 
which guarantees mode-hop free operation. 


We find that the stability requirements on pump fre¬ 
quency and sample temperature can be satisfied with 
off-the-shelf components, which highlights the practi¬ 
cality of our design for real-world applications. 


3.3 Photon purity 

In order for the generated photons from our source to 
be useful in large-scale hybrid quantum networks, we 
require them to be pure. Let us define the term purity 
for our design in a two-step approach. First, we con¬ 
sider how much of the heralded single photon resides 
in the dominant resonator mode. We call this quantity 
the mode-excitation probability At. Then, we investi¬ 
gate the spectral purity S of the part of the photon 
inside the dominant resonator mode. Finally, we define 
a total purity V = At ■ S as the product of the two par¬ 
tial quantities. A PDC source that is ideally adapted 
to quantum memories generates spectrally pure single 
photons in only a single resonator mode, and thus fea¬ 
tures V = 1. Note that we do not consider photon- 
number purity here. However, this value can be made 
high by using low pump powers to reduce the prob¬ 
ability of multi-photon-pair generation events, and by 
optimisation of the optical setup to reduce heralding 
losses. 

First, we consider the mode-excitation probability 
Ad, which is a measure for the percentage of useful 
heralded photons, that is photons whose frequency is 
matched to the desired memory transition. Fig. 0a) 
shows Ad as a function of waveguide length L and re¬ 
flectivity of the second dielectric coating R s 2 . Again, 
the yellow circle denotes our demonstrator from Ell- 
Fig. 0b)- (d) show the joint spectral intensity (JSI) dis¬ 
tributions for selected combinations of L and R s , 2 - The 
parallel black lines denote the phasematching function 
and the additional line is the pump distribution (com¬ 
pare Fig. [2]). The blue-shaded area shows the applied 
spectral filter, which transmits only the central cluster. 
The JSI is the modulus squared of the modified JSA 
function. For a short L and high I? s 2 as shown in (b), 
only few cavity modes are excited as they are well sep¬ 
arated in the signal and idler frequency space. When 
increasing L while keeping R s ^ constant, the FSR be¬ 
tween the cavity modes decreases and more modes are 
excited, resulting in a smaller At. The corresponding 
JSI is plotted in (c). A similar behaviour is found for 
constant L and decreasing i? s>2 . In this case, however, 
the FSR stays constant and the spectral bandwidth of 
the cavity modes increases, as shown in (d). Again, this 
results in more modes being excited and thus a decrease 
in At. Generally, we find that values of At > 0.95 can 
be achieved for numerous combinations of L and R St 2 , 
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Fig. 6 Mode-excitation probability M as a function of 
waveguide length and reflectivity of the second endfacet coat¬ 
ing. (a) The plot shows a clear trend towards short samples 
and high reflectivities, with our demonstrator sitting in the 
upper left corner (yellow disc). This can be understood when 
considering specific combinations of length and reflectivity, 
marked with numbers 1-3. (b) The JSI of a doubly-resonant 
PDC with a waveguide length of 10 mm and a reflectivity 
of 95%. Due to the narrow linewidth of the resonances and 
their large separation, mainly a single resonance is excited, 
leading to a high M. (c) The JSI for a 70mm long waveg¬ 
uide with a reflectivity of 95%. The reduced distance between 
adjacent resonances leads to more resonances being excited. 
Consequently, M is lower than for (b). (d) The JSI for a 
10 mm long waveguide with 70% reflectivity. Although the 
resonances are far apart, the low reflectivity leads to a large 
bandwidth of the single resonances. As a consequence multi¬ 
ple resonances are excited and, again, we find a low M. For 
detailed explanations, see the text. 


corresponding to generated photon spectral bandwidths 
of up to around 350 MHz (compare Fig. [3]). 

Now, we investigate the spectral purity of the her¬ 
alded photons. To this end, we perform a Schmidt de¬ 
composition of the JSI of the most dominant cavity 
mode [22\ . From this, we retrieve the Schmidt number 
K , which is a measure for the effective number of spec¬ 
tral modes [233. It is a l so the inverse of the spectral 
purity S = l/K. Note that de-composing the JSI only 
provides a lower bound for A', since possible correla¬ 
tions in the phase of the JSA are not captured [Mj . 

We plot the Schmidt number as a function of the 
pump spectral bandwidth er p in Fig. [7] Note that this 
implicitly assumes a pulsed pump laser with pulse du¬ 


Spectral purity 



Fig. 7 Photon spectral purity. A Schmidt decomposition of 
the JSI of the most dominant resonance yields the Schmidt 
number K as a function of pump spectral bandwidth cr p , 
which is a measure for the effective number of spectral modes 
of the signal. The labelling corresponds to the chosen com¬ 
binations of waveguide length and coating reflectivity from 
Fig. i The vertical dashed lines denote the corresponding 
spectral bandwidths of the resonances. A Schmidt number 
close to one is obtained for cases when <r p is roughly twice 
the resonance bandwidth or larger. The inset shows the spec¬ 
tral purity of the photons, which can be calculated from the 
Schmidt number as S = l/K. High spectral purities require 
pump spectral bandwidths that are large compared to the 
resonance bandwidth. 


rations of several hundreds of ps to several ns, while 
our demonstrator source was driven with a cw laser. 
The labelling corresponds to the selected combinations 
of L and R s 2 from Fig. [6j(a) . The dashed vertical lines 
denote the spectral bandwidth of the resonances. The 
inset shows the spectral purity S as derived from the 
Schmidt number. As long as the pump spectral band¬ 
width is smaller than roughly twice the resonance band¬ 
width, the pump induces spectral correlations between 
the two generated photons. This results in a spectrally 
impure heralded single photon. In contrast, as soon as 
the pump is broader than twice the resonance band¬ 
width, the PDC photons become spectrally decorre- 
lated and the detection of an idler heralds a spectrally 
pure signal photon. 

With these results, we can make a statement on the 
overall purity V of the heralded photon for a given set 
of parameters. For the three selected pairs of L and R s ,2 
and an arbitrarily chosen pump spectral bandwidth of 
cr p = 100 MHz, we find purities of Vi « 0.81, V 2 ~ 
0.72 and V 3 « 0.24, respectively. For our demonstrator 
source, we find V « 0.95 for a p ss 100 MHz. However, 
we note that in our measurements we were pumping 
with a narrowband pump, which reduces the purity to 
V « 0.50. 

The calculations demonstrate that our source design 
is capable of generating high-purity photons for a large 
diversity of design parameters. Notably, high spectral 
purity photons can be generated over the full range of 
available spectral bandwidths. For the extreme cases 
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of very narrow or broad bandwidths, this leads, how¬ 
ever, to a reduction in mode-excitation probabilities. 
Note that this is not necessarily a prohibitive criterion 
for quantum repeater applications, where repeat-until- 
success protocols can be utilised. Then, a low mode- 
excitation probability translates to a larger number of 
required experiments to establish success. 


other hand, redistributing the photon spectrum. Since 
most of the photons are generated at the memory tran¬ 
sition, the energy efficiency of our source, that is the 
number of useful photons per unit of pump power, is 
very high. This is an important benchmark for large- 
scale quantum networks, where many devices have to 
be operated in parallel. 


3.4 Source brightness 


3.5 Frequency fine tuning 


The doubly-resonant design of our source enhances the 
photon generation rate by a factor that is proportional 
to the product of signal and idler finesse T s • Tj mm 
and an additional clustering factor No [21]. A large fi¬ 
nesse facilitates a high enhancement of the PDC, but 
also means that the generated photons experience more 
cavity roundtrips and thus higher losses. This reduces 
the effective enhancement; the reduction can be quan¬ 
tified by introducing the so-called photon-pair escape 
probability i] pp [2T| . Thus, we find a total enhancement 
that is proportional to 


To adapt our PDC source to a specific quantum mem¬ 
ory transition, fine tuning of the emission frequency to 
match exactly the transition line of the memory is re¬ 
quired. This is facilitated by synchronously tuning the 
temperature and the pump frequency. 

If we assume that our cavity is resonant at a given 
temperature To for both a signal frequency f2 s and an 
idler frequency f2- l7 then the round-trip phases for both 
waves are integer multiples of 27r, that is 

</> s (!2 s , To) = M x 2 tt and </> s (l?i,To) = N x 27r, (13) 


M oc N,) T s J~\ // pp . 
where 

Av c 

N 0 = 2n gjS T-, 


^ ^Rs/i^Rs/ipe “ s/ ^ 

' Fs/i = 


1 - R, 


V PP = 


s,2 


1 — Ri,2 


1 - R sA R s , 2 e- 2a ‘ L 1 - RoiRi, 2 e~ 2aiL 


(9) 

( 10 ) 
( 11 ) 
■ ( 12 ) 


In addition, the spectral density of the generated 
PDC photons is redistributed by the cavity, leading to 
more photons being generated in the spectral region 
of interest (the memory transition). As soon as the 
length, loss and mirror coatings of a resonant waveg¬ 
uide are fixed, the photon generation efficiency can be 
estimated with these equations. For our demonstrator 
we inferred a spectral brightness of B ss 3-10 4 sm \yMHz • 
This means that the total generation rate in the 66 MHz 
wide resonance evaluates to 2-10 6 —Aft. From the mea- 

s mW 

sured generation rate of a non-resonant guided-wave 
PDC (with similar properties as our demonstrator de¬ 
vice) and its spectral bandwidth of around 166 GHz, we 
can estimate the brightness of the non-resonant source 
to be typically around 10 ... 20 sm wMHz • Thus, the res¬ 
onant source provides a brightness which is more than 
three orders of magnitude larger. 

In conclusion, our doubly-resonant design facilitates 
a mote than 1000-fold increase in spectral source bright¬ 
ness at the memory transition by, on the one hand, en¬ 
hancing the overall photon generation rate and, on the 


with N and M being integers. Note that we explicitly 
included the temperature dependence into the roundtrip 
phase <j) (compare Eq. ©)• 

The variation of the phase as a function of frequency 
and temperature detuning can be approximated by a 
first-order Taylor expansion according to 

</> = </>(f2,T 0 ) + d u (j>\ nTo Au + d T <f>\ OTo AT 

=: 4> 0 + Acf). 


To stay resonant, we require A<j> = 0. Thus, when tun¬ 
ing the signal frequency offset, the temperature must 
be changed accordingly such that 


AT = — ypvy A(jj a . 

OTty s 


(15) 


However, this temperature change drives a frequency 
shift of the idler, given by 




(16) 


The shift of both signal and idler frequencies is the re¬ 
quired shift in pump frequency, since Aoj p = Aui s + Aui i 
due to energy conservation. From Eqs. (151 and (16), it 
follows that 


Auj p = 


1 + 




Abj s . 


(17) 


From the well-known dispersion characteristics of our 
waveguides [25] and the temperature dependence of the 
refractive indices, we derive conditions for smoothly 
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Av s [GHz] 

Fig. 8 Frequency fine tuning of the PDC emission. The plot 
shows the predominant signal resonance position as a func¬ 
tion of simultaneous temperature and pump frequency offset. 
Signal tuning over roughly one FSR can be achieved without 
loosing the resonance condition. Thus, the PDC emission can 
be adapted to the exact memory transmission line. 


tuning the signal frequency by adapting simultaneously 
the sample temperature and pump frequency: 

°C 

AT ss —0.157—— Au s and Av p « 2.429ZW S . (18) 

GHz 

We show this in Fig. [8j where we plot the cen¬ 
tral signal resonance as it is fine-tuned over a range 
of —2.3 GHZ < Av s < 2.3 GHz. The two y-axes de¬ 
note the required temperature detuning AT from the 
ideal temperature of T(Au} u s = 0) = 148.14°C, as well 
as the required pump frequency offset, as calculated 
above. Clearly, single-mode operation is retained over 
the full tuning range. We note that state-of-the-art tem¬ 
perature controllers with stabilities in the mK regime 
and stable lasers facilitate a reproducible tuning of our 
source with a precision on the order MHz, thus allowing 
to faithfully adapt the PDC to a given memory transi¬ 
tion. 


4 Adaptability 

To this point, we have focussed on our demonstrator 
source. However, our scheme is more flexible than this, 
in that it facilitates the addressing of diverse quantum 
memories based on different material systems. In the 
following, we want to name but a few examples of how 
the design parameters have to be adjusted to suit dif¬ 
ferent experimental situations. 

Caesium vapour - Raman interactions in atomic 
vapours can be exploited to realise quantum memo¬ 
ries, by transferring an atomic excitation from a ground 
state to a stable storage state. One example for this has 
been presented in [2(3], where light at a wavelength of 
852 nm is stored inside a warm vapour of Cs atoms. 
The bandwidth of this memory is in principle only lim¬ 
ited by the hyperfine groundstate splitting of 9.2 GHz 


between the ground and storage states. Adapting our 
source to this memory and aiming for a photon band¬ 
width of 500 MHz, a pump bandwidth a p = 1 GHz 
and a reflectivity R Sj2 = 0.90 at a waveguide length 
of L = 2.5 mm facilitate the generation of single pho¬ 
tons with an overall purity of V = 0.940. Note that this 
value, as well as the following values, are calculated for 
the case where the central cluster is filtered (compare 
Fig. |6](b)). The corresponding idler photons are centred 
at 1416 nm, where they can be detected with state-of- 
the-art single photon detectors. 

Thulium ions - Rare-earth doped solids can be de¬ 
ployed as quantum memories with long coherence time 
and intrinsic multimode capability (see, for instance, 
p71f2^[2UllMllimi^211MllM| ). Thulium ions feature a tran¬ 
sition at 795 nm. Designing our source to emit signal 
photons at this wavelength places the associated idler 
photons at 1608 nm. Note that this wavelength can, in 
principle, be tuned by choosing a different pump wave¬ 
length. However, for reasons of consistency and due to 
the high availability of good lasers, we fix the pump 
wavelength at 532 nm here. Deploying a 10 mm long 
waveguide with R s ^ = 0.94 and a 250 MHz wide pump, 
our source is expected to produce signal photons with 
an overall purity of V = 0.963. 

Erbium ions - Finally, we consider erbium ions, which 
feature a transition at 1536 nm. In this case, the role of 
signal and idler photons are exchanged and the signal 
photons are used as heralds. For this case study, we aim 
for a narrow bandwidth of 50 MHz at 1536 nm, pairing 
the idler with a signal at 814 nm. The narrow band¬ 
width enforces a trade-off between the mode-excitation 
probability A4, which typically decreases with increas¬ 
ing pump bandwidth, and the spectral purity S , which 
increases with increasing pump bandwidth (see Fig.[7|. 
We find a decent overall purity of V = 0.753 for a 
waveguide length of L = 80 mm, i? Si2 = 0.98 and a 
pump bandwidth of a p = 60 MHz. Although this value 
is somewhat lower than the purities presented before, it 
still means that 75% of the generated photons are useful 
photons that can couple to the quantum memory. 

5 Conclusion 

We presented an in-depth study of a flexible and versa¬ 
tile source design for a PDC source that generates pho¬ 
tons suited for interaction with different quantum mem¬ 
ories. Our source design is based on doubly-resonant 
PDC in a nonlinear lithium niobate waveguide and is 
extraordinarily robust and compact, owing to its mono- 
lithically integrated structure. Thus, it is well-suited for 
use in real-world applications and lends itself to inte¬ 
gration with existing single-mode fibre architectures. 
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Our investigations show, that our source design can 
be deployed to generate photons with spectral band- 
widths ranging from few tens of MHz up to almost 
a GHz, where benchmarking performance can be ex¬ 
pected for bandwidths on the order of hundreds of MHz. 
The requirements of our source design on the sample 
temperature and pump wavelength stability can be ful¬ 
filled with today’s off-the-shelf components. 

We studied the purity of the photons produced with 
our source. Here, we made a distinction between the 
mode-excitation probability - the probability that the 
dominant cavity resonance is excited - and the spec¬ 
tral purity of the generated photons. We demonstrated 
that photons with overall purities exceeding 90% can be 
generated when the design parameters and the pump 
spectral bandwidth are appropriately chosen for a wide 
range of photon bandwidths. 

Our source combines resonance enhancement as well 
as spectral redistribution of the PDC emission, which 
facilitates a more than 1000-fold increase in spectral 
source brightness at the memory transition when com¬ 
pared to a standard non-resonant PDC with external 
filtering. This is particularly appealing in light of large- 
scale quantum networks with many sources in parallel, 
since the overall energy consumption of such an archi¬ 
tecture can be drastically reduced with our design. 

We also investigated the feasibility of fine-tuning the 
photon central frequency in our design. We found that 
tuning both sample temperature and pump frequency 
simultaneously facilitates a smooth and well-controlled 
tuning of the photon central frequency over a complete 
free-spectral range of the resonant structure. In combi¬ 
nation with the coarse tuning provided by tuning pump 
or temperature only, our source design can be adapted 
exactly to a desired memory transition. 

Finally, after having concentrated on our demon¬ 
strator source, we presented the adaptability of our de¬ 
sign to different quantum memories. With slight changes 
in the source geometry, our design can address mem¬ 
ory transitions of diverse material systems, for instance 
rare-earth ions or atomic vapours. We expect our source 
to become a part of many future hybrid quantum net¬ 
works that seek to combine photons and solid state sys¬ 
tems. 

Acknowledgements This work was supported by the Eu¬ 
ropean Commission through the project QCUMbER (project 
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